Phytoalexins constitute a broad category of pathogen-and insectinducible biochemicals that locally protect plant tissues. Because of their agronomic significance, maize and rice have been extensively investigated for their terpenoid-based defenses, which include insect-inducible monoterpene and sesquiterpene volatiles. Rice also produces a complex array of pathogen-inducible diterpenoid phytoalexins. Despite the demonstration of fungal-induced entkaur-15-ene production in maize over 30 y ago, the identity of functionally analogous maize diterpenoid phytoalexins has remained elusive. In response to stem attack by the European corn borer (Ostrinia nubilalis) and fungi, we observed the induced accumulation of six ent-kaurane-related diterpenoids, collectively termed kauralexins. Isolation and identification of the predominant Rhizopus microsporus-induced metabolites revealed ent-kaur-19-al-17-oic acid and the unique analog ent-kaur-15-en-19-al-17-oic acid, assigned as kauralexins A3 and B3, respectively. Encoding an entcopalyl diphosphate synthase, fungal-induced An2 transcript accumulation precedes highly localized kauralexin production, which can eventually exceed 100 μg·g −1 fresh weight. Pharmacological applications of jasmonic acid and ethylene also synergize the induced accumulation of kauralexins. Occurring at elevated levels in the scutella of all inbred lines examined, kauralexins appear ubiquitous in maize. At concentrations as low as 10 μg·mL −1 , kauralexin B3 significantly inhibited the growth of the opportunistic necrotroph R. microsporus and the causal agent of anthracnose stalk rot, Colletotrichum graminicola. Kauralexins also exhibited significant O. nubilalis antifeedant activity. Our work establishes the presence of diterpenoid defenses in maize and enables a more detailed analysis of their biosynthetic pathways, regulation, and crop defense function.
Phytoalexins constitute a broad category of pathogen-and insectinducible biochemicals that locally protect plant tissues. Because of their agronomic significance, maize and rice have been extensively investigated for their terpenoid-based defenses, which include insect-inducible monoterpene and sesquiterpene volatiles. Rice also produces a complex array of pathogen-inducible diterpenoid phytoalexins. Despite the demonstration of fungal-induced entkaur-15-ene production in maize over 30 y ago, the identity of functionally analogous maize diterpenoid phytoalexins has remained elusive. In response to stem attack by the European corn borer (Ostrinia nubilalis) and fungi, we observed the induced accumulation of six ent-kaurane-related diterpenoids, collectively termed kauralexins. Isolation and identification of the predominant Rhizopus microsporus-induced metabolites revealed ent-kaur-19-al-17-oic acid and the unique analog ent-kaur-15-en-19-al-17-oic acid, assigned as kauralexins A3 and B3, respectively. Encoding an entcopalyl diphosphate synthase, fungal-induced An2 transcript accumulation precedes highly localized kauralexin production, which can eventually exceed 100 μg·g −1 fresh weight. Pharmacological applications of jasmonic acid and ethylene also synergize the induced accumulation of kauralexins. Occurring at elevated levels in the scutella of all inbred lines examined, kauralexins appear ubiquitous in maize. At concentrations as low as 10 μg·mL , kauralexin B3 significantly inhibited the growth of the opportunistic necrotroph R. microsporus and the causal agent of anthracnose stalk rot, Colletotrichum graminicola. Kauralexins also exhibited significant O. nubilalis antifeedant activity. Our work establishes the presence of diterpenoid defenses in maize and enables a more detailed analysis of their biosynthetic pathways, regulation, and crop defense function.
Fusarium graminearum | 10-oxo-11-phytoenoic acid | benzoxazinoid hydroxamic acid P hytoalexins are defined as low-molecular-weight, inducible, secondary metabolites with activity against multiple biotic attackers. Terpenoids, including sesquiterpenes and diterpenes, constitute some of the commonly encountered chemical classes of phytoalexins (1) . In cotton (Gossypium hirsutum), pathogens and insect herbivores trigger synthesis of the sesquiterpene δ-cadinene and numerous subsequent oxidation products, which, collectively, afford protection against these attackers (2, 3) . Similarly, in rice (Oryza sativa), pathogen infection induces the levels of transcripts encoding key biosynthetic enzymes, namely, an ent-copalyl diphosphate synthase (ent-CPS; OsCPS2) and a syn-CPS (OsCPS4), which lead to diterpenoid phytoalexin production (4). These inducible diterpenoids have established roles in protecting against the ascomycete fungus Magnaporthe grisea, the causal agent of rice blast disease, which is responsible for 10-30% of losses in production (5) .
Maize is the largest crop on earth, with over 810 million tons of seed harvested in 2009 (6) . To improve crop protection, maize has been widely studied for its production of terpenoid volatiles and benzoxazinoid hydroxamic acids as two major classes of biochemical resistance (7) . As indirect defenses, inducible terpenoid volatiles have been demonstrated to attract parasitoids and entomopathogenic nematodes to above-and below-ground insect pests, respectively (8, 9) . As a direct defense, the largely constitutive hydroxamic acids in maize are responsible for Ostrinia nubilalis leaf-feeding resistance in young plants (7) . Upon moving to stems, O. nubilalis tunneling creates a contaminated and humid environment for microbial colonization. Not surprisingly, O. nubilalis damage is highly associated with stalk rot pathogens, including Colletotrichum graminicola and Fusarium spp. (10, 11) . Keller et al. (11) summarized this relationship, stating that "Consequently, any yield reduction studies, breeding programs, or other control strategies focusing on a single fungus or insect would be incomplete without detailed consideration of the concomitant role of other pests." The elucidation of maize defense mechanisms remains a topic of significant interest, given that the combined pressures of O. nubilalis and stalk rot pathogens have resulted in $1 billion annual losses in US production alone (12, 13) .
To combat pathogens, rice produces numerous classes of inducible diterpenoids, including the oryzalexins, momilactones, and phytocassanes, each of which is produced by a unique class of kaurene synthases (4) . A rice cultivar with constitutive bacterial leaf blight resistance, Norin-27, was also used to isolate a series of oryzalide-related defense compounds that occur constitutively in healthy leaves (14) . These diterpenoids are likely derived from the kaurene synthase OsKSL6 via an ent-kaur-15-ene intermediate (4) . Although diterpenoid phytoalexins have not been previously demonstrated in maize, ent-kaur-15-ene is synthesized following infection with fungi from the genera Rhizopus and Fusarium; however, this simple maize hydrocarbon is not antimicrobial (15) . Further tangential evidence for maize diterpenoid phytoalexins comes from the discovery that Fusarium graminearum infection strongly induces transcript accumulation of An2, which encodes a functional ent-CPS that is unlikely to be involved in the biosynthesis of gibberellins (GAs) (16, 17) .
Elicitors present in the oral secretions of insect herbivores commonly induce terpenoids in the leaves of plants (18) . To explore related defensives in maize stems, we examined O. nubilalisinduced metabolites. Initially, two unknown diterpene acids were detected that were also induced following fungal spore inoculation. A large-scale isolation and NMR-based identification project revealed series of ent-kaurane-related diterpenoids, with ent-kaur-19-al-17-oic acid and the unique analog ent-kaur-15-en-19-al-17-oic acid as the major induced defenses. Localized accumulation of these inducible diterpenoids, termed kauralexins, is preceded by transcript accumulation of An2. A combination of the phytohormones jasmonic acid (JA) and ethylene (E) has a synergistic role in this regulation. Importantly, physiologically relevant concentrations of kauralexins inhibit the growth of pathogens and display insect antifeedant activity. Similar to rice, maize harbors highly inducible diterpenoid phytoalexins that are likely to have essential roles in crop protection.
Results and Discussion
Identity of ent-Kaurane-Related Phytoalexins in Maize. To understand induced defenses in maize stems better, we performed small-molecule metabolic profiling on feeding tunnels created by O. nubilalis larvae (19) . Initially, two chromatographic peaks consistent with diterpene acid methyl esters were detected. Rhizopus microsporus spore inoculation also strongly induced the concentrations of these and four additional analytes. To identify these compounds, a large-scale purification of fungal infected tissue was performed and resulted in purification of three of the six related compounds enabling structural elucidation via NMR (SI Text and  Tables S1-S3 ). This information, coupled with the chemical ionization (CI) and electron ionization (EI) spectra of the corresponding methyl ester derivatives, was consistent with closely related ent-kaurane diterpenoids, namely, ent-kauran-17-oic acid, ent-kauran-17,19-dioic acid, and ent-kaur-19-al-17-oic acid, termed kauralexins A1 through A3, respectively ( Fig. 1 A-D) . Kauralexin A2 was identified based on the known natural product isolated from the roots of Annona squamosa trees (20) (Fig. 1C and Fig. S1 ).
NMR, CI, and EI spectra were also consistent with a second series of diterpenoids, namely, ent-kaur-15-en-17-oic acid, ent-kaur-15-en-17,19-dioic acid, and ent-kaur-15-en-19-al-17-oic acid, termed kauralexins B1 through B3, respectively ( Fig. 1 A and E-G). Based on coregulation and previously published spectra, we provisionally assigned the saturated and monounsaturated diterpene acids as kauralexins A1 and B1, respectively (21, 22) (Fig. 1 B and E). Kauralexin B1 is a logical precursor for kauralexin B2/B3 and is likely derived from pathogen-induced ent-kaur-15-ene (15) . With the exception of kauralexin B3, these diterpenoids have been previously described in dicotyledonous plants; however, kauranes have not been previously established to function as rapidly inducible phytoalexins (20) (21) (22) (23) (24) . These compounds are readily quantified by GC similar to the routine analysis of fatty acid methyl esters (25) . This raises the question of why the identity of maize diterpenoid phytoalexins has escaped attention for so long. A number of factors are involved. First, many of these structures are not commonly known or have only been encountered once in a single plant species (22) . Second, kauralexin accumulation is highly localized; thus, harvesting large tissue samples greatly dilutes the abundance of kauralexins and reduces detectability. Third, kauralexins are easily degraded, especially by the high heat and pH extremes commonly used in processing lipid samples (25) . During isolation, kauralexin B2 fractions were highly prone to sample loss and could only be purified as methyl ester derivatives.
Insect and Fungal Attack Trigger Kauralexin Accumulation. To address the timing of induced kauralexin accumulation, short-and long-term effects of insect herbivory and fungal infection were examined. Within 48 h of O. nubilalis stem herbivory, tissue concentrations of kauralexins A1, B1, B2, and B3 were significantly higher than mechanical damage alone ( To examine effects at 48 h, plants were also inoculated with the stalk rot, F. graminearum. This treatment induced kauralexin levels to 100 μg·g −1 FW, a 2,400-fold induction above untreated controls (Fig. S2B) . Consistent with many phytoalexins, kauralexins require multiple days to reach maximal accumulation (1).
Phytohormone-Induced Kauralexin Accumulation. Plant defense responses to biotic attack are often mediated by the synergistic phytohormone actions of E and oxylipin signals, such as JA (18, 26, 27) . To examine the potential role of induced oxylipins as regulators of kauralexin production, damaged stems were inoculated with R. microsporus. This treatment resulted in JA levels significantly greater than damage alone at 4 h, which preceded detectable kauralexin accumulation (Fig. 2 G-L and Fig. 3A) . At later time points, concentrations of additional allene oxide synthase-derived oxylipins, such as the biologically active JA precursor, 12-oxophytodienoic acid (OPDA), and its linoleic acid-derived isomer, 10-oxo-11-phytoenoic acid (OPEA), were induced following damage and fungal inoculation, respectively (28, 29) (Fig. 3 B and C) . To examine potential signaling interactions, plants were treated with JA, OPDA, and OPEA in the absence and presence of ethephon (EP; 2-chloroethyl-phosphonic acid), which generates the local production of E (30 induced kauralexin concentrations above all other treatments (Fig.  3D ). To ensure this result was not an artifact, we tested the interaction of JA with the endogenous E precursor, 1-aminocyclopropane-1-carboxylic-acid (ACC), and additional non-E-generating controls. Results confirmed a significant JA-E synergy (Fig. S3 A and  B) . These patterns are similar to those found in spruce trees (Picea spp.), where insect damage and applications of methyl jasmonate induce traumatic resin duct formation in the developing secondary xylem and promote transcript accumulation of diterpene synthases and diterpene resin acid accumulation (31) . This process was inhibited by 1-methylcyclopropene, which blocks E perception, thus implicating the involvement of both JA and E signals (32) .
Induced An2 Transcript Levels Precede Kauralexin Accumulation. In rice, the production of ent-copalyl diphosphate as an essential precursor of GAs and phytocassane diterpenoids is controlled by two distinctly regulated enzymes, namely, OsCPS1 ent and OsCPS2 ent , respectively (33) . Maize also contains two different ent-CPSs, with an established role for AN1 in GA biosynthesis and a putative role for AN2 in phytoalexin biosynthesis (16, 17) . Importantly, An2 transcript accumulation, but not that of An1, is highly induced by the ear rot pathogen F. graminearum and smut fungus Ustilago maydis (17, 34) . To confirm the presence and functionality of An2 in var. Golden Queen, the gene was cloned, sequenced, expressed in Escherichia coli, and assayed for ent-CPS activity. Compared with the maize inbred CO387, Golden Queen An2 is highly conserved, harbors six amino acid differences in the predicted translation, and maintains ent-CPS activity in bacterial expression assays (Fig. S4 A-C) . To examine the relationship between An2 and kauralexins, transcript levels following R. microsporus inoculation were analyzed by quantitative RT-PCR (qRT-PCR). A 135-fold increase in An2 levels preceded significant kauralexin accumulation by ∼20 h (Fig. 3E) . A nearly identical temporal relationship has been shown with OSCPS2 ent and diterpenoid phytoalexin accumulation in rice (33) . Although definitive proof is lacking, these results are supportive of AN2 as a reasonable candidate ent-CPS with the potential to regulate induced kauralexin synthesis.
Spatial Regulation of Kauralexin Accumulation. To examine kauralexin distribution 24 h after R. microsporus elicitation, we consecutively removed 0.5-mm-thick layers from the treated site. Kauralexin accumulation was nearly exclusive to the top surface of the infected tissue (Fig. 3F) . Phytoalexins often display highly localized accumulation at the site of infection to sterilize the area against further pathogen entry (1). To examine kauralexin distribution in healthy untreated seedlings, we analyzed the roots, shoots, and scutella over a 2-wk developmental period. Early in the ontogeny of maize, the scutellum (or cotyledon) acts to absorb, store, and transfer nutrients from a collapsing endosperm to the developing seedling while preventing intrusion of soil microbes before senescence (35) . A significant progressive accumulation of kauralexins, exceeding 150 μg·g −1 FW, was specifically localized to the scutella (Fig. 3G) . This suggests that kauralexins are also developmentally regulated; however, soil microorganisms may likewise elicit defense in the scutella. To examine if kauralexin biosynthesis is common in maize, we examined the genetic model B73 and 18 other diverse landrace inbred lines (36) . At 10 d, we consistently detected high kauralexin levels, ranging from 50-167 μg·g −1 FW, in the scutella of all lines examined (Fig. S5) . Thus, kauralexins are widespread yet previously unknown metabolites in maize.
Kauralexins Display Antifungal and Insect Antifeedant Activity. To examine biological activity, we analyzed the growth curves of R. microsporus and C. graminicola in the presence of either kauralexin A3 or B3 spanning a range of endogenous levels. After 24 h, 100 μg·mL −1 kauralexin A3 resulted in a 75% average reduction in R. microsporus growth; however, 10 μg·mL −1 was not active (Fig. 4A) . Demonstrating activity at lower concentrations, both the 100-and 10-μg·mL −1 doses of kauralexin B3 significantly reduced the growth of R. microsporus by 62% and 30%, respectively (Fig. 4B) . Interestingly, although C. graminicola only weakly induces kauralexin accumulation (Fig. 2 G-L and Fig.  S2B ), its growth is greatly inhibited by accumulation of kauralexins (Fig. 4 C and D) . On average, both kauralexin A3 and B3 inhibited the growth of C. graminicola by 50-60% and 85-90% at 10 and 100 μg·mL −1 , respectively. As in other Colletotrichum species, effectors secreted during the biotrophic phase of C. graminicola may be important in the suppression of these maize defense responses (37) .
To address their potential defensive role against insects, we also examined the activity of kauralexins A3 and B3 on the feeding preference and growth of O. nubilalis using choice and nonchoice assays. Stem surfaces treated with 50 μg·g −1 FW of kauralexins A3 and B3 significantly reduced the tissue consumed by O. nubilalis compared with the paired untreated control stem sections (Fig. 4 E and F) . In this context, kauralexins act as local antifeedants. Using nonchoice artificial diet assays, kauralexins A3 and B3 were tested over a range of 10-500 μg·g −1 FW but did not significantly inhibit insect growth as estimated by percentage of mass gain (Fig. 4 G and H) . Similar results demonstrating Lepidoptera antifeedant activity without growth suppression have been reported for plant terpenoid defenses (38) . In a natural situation, it is likely that kauralexins are associated with additional antinutritive substances (7) .
Numerous lines of evidence have pointed to the existence of diterpenoid phytoalexins in maize. Over 30 y ago, Mellon and West (15) demonstrated that the ent-kaur-15-ene is synthesized by maize tissues exposed to fungal pathogens and foreshadowed the existence of related diterpenoid phytoalexins by stating that "The relatively polar fraction obtained from silicic acid chromatography of the lipids extracted from infected maize plants does contain antifungal substances. . . however, the nature of the active substance(s) in this impure fraction is not known." A quarter of a century later, Harris et al. (17) cloned and functionally characterized An2, an F. graminearum-inducible ent-CPS in maize. The demonstrated precedence of rice to produce diterpenoid phytoalexins also fueled the suspicion that ent-kaur-15-ene "may similarly serve as precursors to more elaborated, bioactive maize phytoalexins" (5) . Kauralexins are ubiquitous in maize seedling scutella and can be induced over 2,000-fold following fungal infection (Fig. 3G and Fig. S2B ). This pattern is curious, because rice diterpenoid phytoalexins were found constitutively in seed husks before the discovery of pathogen inducibility in leaves (5). Although we have addressed initial topics relating to biotic stimuli, structures, phytohormone regulation, localization, potential pathways, and biological activity, many questions remain. For example, are kauralexins the dominant metabolites accumulated or are there additional polar modifications not captured by these analyses? What are the activities of kauralexins against a wide range of biotic threats in different plant tissues throughout development? Do differences in maize kauralexin production provide mechanistic explanations for resistance in select maize lines? Development of homozygous lines harboring a null mutation in An2 would greatly facilitate the critical examination of biosynthetic origin and, ultimately, function of these phytoalexins in multiple ecological contexts. Collectively, these results will likely provide a springboard into numerous functions of terpenoid phytoalexins in maize, which will likely match the established biological significance and complexities displayed in rice. Quantification of Maize Metabolites. Sample preparation via solvent extraction, methylation, vapor-phase extraction, and isobutane CI GC/MS-based stem tissue quantification of oxylipins was performed using previously developed methods (19) . To include kauralexins in these analyses, we used a DB-35MS (30 m × 0.25 mm × 0.25 μm; Agilent) GC column held at 70°C for 1 min after injection and then temperature-programmed at 15°C min −1 to 300°C (7 min), with helium as the carrier gas (0.7 mL·min
). The identity of OPEA was confirmed based on GC retention time and EI spectra comparison with an authentic standard (Larodan Fine Chemical AB). Kauralexin information is given in Fig. 1 RNA Isolation and An2 qRT-PCR. Total RNA was isolated with TRIzol (Invitrogen) according to the manufacturer's protocol. First-strand cDNA was synthesized with the RETROscript reverse transcriptase kit (Ambion) using random decamer primers. qRT-PCR was performed using Power SYBR Green Master mix (Applied Biosystems), and 300 nM primers. Transcript levels of An2 were quantified with the ABI 7300 sequence detection system (Applied Biosystems). Mean cycle threshold (Ct) values of triplicate reactions were normalized to EF-1α (GenBank accession no. AF136829) (40) . Fold-change calculations were performed using the equation 2 −ΔΔCt (41) . qRT-PCR primers were as follows: An2 Forward, 5′-TGTTCTTGTGAAGGCAGTTC-3′; An2 Reverse, 5′-TCATTCGAGCTAAAAGCAGA-3′; EF-1α Forward, 5′-GCTTCACG-TCCCAGGTCATC-3′; and EF-1α Reverse, 5′-TAGGCTTGGTGGGTATCATC-3′.
Kauralexin Activity Assays. Antifungal assays were performed using the Clinical and Laboratory Standards Institute M38-A2 guidelines (42) . In brief, a 96-well microtiter plate-based method using a Synergy4 (BioTech Instruments, Inc.) reader was used to monitor fungal growth at 37°C in broth media through periodic measurements of changes in OD at 405 nm. Each well contained 200 μL of initial fungal inoculum (2 × 10 4 conidia·mL −1
) and 0.5 μL of EtOH. The insect choice assays used 3.5-cm-long stem sections from 30-d-old maize grown in 3-G pots. A longitudinal no. 1 cork borer hole was created down the center, followed by lengthwise sectioning into two weighed halves (∼3 g each) and treatment with 3 μL of EtOH containing either 0 (control) or 50 μg·μL −1 purified kauralexins. Stem halves were rejoined with Parafilm M (Pechiney Plastic Packaging Company) and infested with one early sixth-instar O. nubilalis, and stem mass lost was determined 24 h later. For the nonchoice assays, early fourth-instar O. nubilalis larvae were allowed to feed on a commercial insect diet mixed with 0-500 μg·g −1 FW of kauralexin A3 or B3 for 24 h. All larvae were weighed immediately before and after the experiment to determine percentage of mass gain.
